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Abstract 

Much attention has been drawn to the Ni-Sn transient liquid phase (TLP) bonded joints for 
high-temperature electronic packaging applications since their inception. A comparative study 
of Ni-Sn TLP bonded joints with different interlayers was conducted. The evolution of 
microstructure and mechanical properties of joints with different bonding times was also 
investigated. In addition, the high-temperature (300 ℃) thermal reliability of the Ni-Sn TLP 
bonded joints was explored with aging times from 0 h to 100 h. The results show that 
electroplated Ni-Sn TLP bonded joints exhibited a slightly higher average shear strength than 
those prepared using Sn foil and Sn96.5Ag3.5 paste. Also, the average shear strength of the 
electroplated Ni-Sn TLP bonded joints was greatly improved when the bonding time increased 
from 0.5 h to 5 h, while there was a continuous decrease in the average shear strength as the 
aging time was increased from 4 h to 100 h. During aging, the Ni/Ni3Sn2 interface was the 
preferential site for the nucleation of newly formed Ni3Sn2 intermetallic compounds (IMCs). 
Furthermore, the cross-sectional microstructure of the shear fractured joints after aging from 4 
h to 100 h indicates that the shear fractures propagated through both the Ni3Sn4 IMCs and the 
Ni3Sn2/Ni3Sn4 interface. 

Keywords: Ni-Sn TLP bonding, Microstructure, Mechanical properties, Thermal reliability, 
High-temperature electronic packaging 

1 Introduction 

To cope with the challenges in replacing high-Pb solders and creating solid bonds for harsh 
environmental electronic applications, transient liquid phase (TLP) bonding has been widely 
explored, especially for high-temperature electronic packaging [1, 2]. TLP bonds can be 
processed at relatively low temperatures while being used at higher temperatures through the 
formation of intermetallic compounds (IMCs). Many material systems (such as Cu-Sn, Ag-Sn, 
Ni-Sn, Ag-Cu-Sn, Cu-Ni-Sn, and Sn-Bi with Cu, Ni or Ag) have been investigated for TLP 
bonding in electronic packaging [2-4]. Among these, the Cu-Sn [5-7], Ag-Sn [8, 9], Ni-Sn [10] 
and Cu-Ni-Sn [11, 12] are the most promising metallic systems for high-temperature electronic 
packaging applications [13]. Joints with excellent mechanical strengths can be obtained in the 



  
 

  
 

Cu-Sn and Ag-Sn TLP material systems due to the formation of Cu3Sn and Ag3Sn IMCs, 
respectively. However, the formation of Kirkendall voids during Cu-Sn TLP bonding can 
hardly be avoided due to the phase transformation from Cu3Sn to Cu5Sn6, which in turn 
deteriorates the thermal reliability of the joint [14]. Besides, joints with Ag3Sn IMCs cannot 

withstand high temperatures beyond 480 C [15]. In contrast, Ni-Sn TLP bonded joints with 
Ni3Sn4 IMCs have satisfactory mechanical strengths and can withstand high temperatures up 

to 794.5 C. However, it is quite challenging to obtain Ni-Sn TLP bonded joints with expected 
microstructure and satisfactory thermal reliability, since the performance highly depends on 
the substrate, deposition process, interlayer morphology and bonding profile. Therefore, further 
investigation of Ni-Sn TLP bonding for high-temperature electronic packaging is required [16]. 

Many studies have been conducted for Ni-Sn TLP bonded joints. Shen et al. [17] investigated 
the growth mechanism of Ni3Sn4 IMCs in Ni-Sn TLP bonds. They used button-shaped Sn-
enriched solder alloys as the interlayer and found that the growth of Ni3Sn4 was affected by 
grain boundary diffusion, volume diffusion, grain boundary grooving, coarsening and 
dissolution into the molten solder. Li et al. [16] investigated the effects of ultrasound-induced 
TLP bonding on the microstructure and mechanical strength evolution of Ni-Sn foil TLP 
bonded joints and claimed that the ultrasound-induced TLP process accelerated the formation 
of Ni3Sn4 during bonding. The ultrasonic processing also refined the grains of Ni3Sn4 IMCs, 
which resulted in an increase in the average shear strength of joints compared to that of the 
joints bonded in the traditional reflow oven. Jeong et al. [18] evaluated the long-term reliability 
of 30Ni-70Sn TLP bonded joints using solder paste containing Ni and Sn powders and proved 
their superior mechanical properties after long-term aging (1000 h) at a relatively high 
temperature (up to 200 ℃). Based on these research works, it is known that Sn-enriched solder 
alloys, Sn foil, and Sn-enriched paste have been widely used as the interlayers for Ni-Sn TLP 
bonding for high-temperature electronic packaging. However, high-quality thin Sn foils and 
Sn-enriched solder alloys are costly, and the thickness of these interlayers is hard to control. 
Besides, it is challenging to adjust the amount of Sn-enriched paste applied for the TLP bonding. 
Too much Sn should be avoided as it can result in excess Sn after bonding or a prolonged 
bonding time. A large amount of remnant Sn deteriorates the mechanical strength of the Ni-Sn 
joint. Sputtered Sn also has been used as the interlayer for Ni-Sn TLP bonding though its 
deposition rate is limited [19]. However, it is inappropriate where a relatively thick Sn layer is 
required [20]. To cope with these issues, the cost-effective and efficient electroplating was 
introduced to deposit the Ni-Sn layers.  

To date, limited research has been conducted on electroplated Ni-Sn TLP bonded joints. 
Chuang et al. [21] studied electroplated Ni-Sn TLP bonded joints with different thicknesses of 
Sn at different aging times and concluded that the voids formed in the joint were due to the 
volume shrinkage caused by phase transformation. They also studied the effect of the addition 
of a small amount of Ag and found that the formation of voids can be effectively inhibited with 
the addition of 2.4 wt.% of Ag. In addition, Lis et al. [22] investigated the formation and growth 
of Ni3Sn4 IMCs in electroplated Ni-Sn TLP bonded joints and demonstrated that a diffusion 
barrier formed as a needle-like IMC layer densified around the Ni/Ni3Sn4 interface after 
bonding for 180 s. The aforementioned research provides important findings on the 



  
 

  
 

mechanisms of the formation of voids and the growth of Ni3Sn4 IMCs in electroplated Ni-Sn 
TLP bonded joints. Until now, limited research has explored the evolution of microstructure 
and mechanical strength of electroplated Ni-Sn TLP bonded joints with various bonding and 
aging times at a high temperature of 300 ℃, the failure mechanisms during shear tests and how 
they correlate with the mechanical properties of the joints. 

In the present study, electroplated Ni-Sn TLP bonding joints were studied for potential high-
temperature electronic packaging applications. A comparative study of microstructure, average 
shear strengths and fracture morphologies of Ni-Sn joints made using different interlayers (Sn 
foil, Sn96.5Ag3.5 paste and the electroplated Sn) was conducted. The microstructure and 
mechanical strength evolution of electroplated Ni-Sn joints prepared under different bonding 
times were also characterized and analysed. In addition, the thermal reliability of the 
electroplated Ni-Sn TLP bonded joints after aging at 300 ℃ for different times was investigated. 
Furthermore, fracture morphologies of the electroplated Ni-Sn TLP bonded joints were 
characterized and correlated with the microstructure and shear strengths to analyze the fracture 
mechanisms of the joints.  

2 Experimental setup and materials 

Commercial alumina plates (50 × 50 × 0.6 mm3, 96% purity, from ACME Research Support 
Pte Ltd.) were selected as the bonding substrates. The surface roughness of the alumina is 
around 0.8 μm Ra, and a typical 3D surface roughness profile (taken from LEXT OLS4100 3D 
measuring laser microscope) is shown in Fig. 1. The alumina plates were thoroughly cleaned 
with DI water and acetone in an ultrasonic cleaner. Firstly, a thin layer (around 300 nm) of Ti 
was deposited on the alumina substrate by physical vapor deposition (PVD) (on a Kurt J Lesker 
PVD 75 sputter deposition system). This Ti layer acted as a barrier, adhesion and conductive 
layer. After that, the deposited alumina plates were diced into 10 × 20 mm2 samples for 
electroplating. Electroplating of Ni and Sn was carried out in a Watts bath and an acidic sulfate 
bath, respectively. The corresponding chemical compositions for the electroplating are shown 
in Table 1. The electroplating current densities were set at 5-6 Adm-2 and 2.5-3 Adm-2 for the 
deposition of Ni and Sn, respectively. A typical single side of the alumina plate with the 
electroplated Ni and Sn layers is shown in Fig. 2(a). Other interlayer solders such as Sn foil 
and Sn96.5Ag3.5 paste were used for the comparative study as well. The electroplated samples 
were diced into 5 × 5 mm2 (top side) and 10 × 10 mm2 (bottom side) plates for the TLP bonding. 
After assembling the joints, the samples were locked in a stainless steel mould with a preload 
of around 40 MPa to maintain the thickness of the joints in a defined range and to minimise 
void formation during bonding. Fig. 2(b) shows a schematic of the bonding structure for the 
electroplated Ni-Sn TLP joint used to bond alumina onto alumina. The assembled samples 
were heated to 300 ℃ with a ramping up rate of 10 ℃/min. The samples were soaked at 300 ℃ 
for 2 h for the comparative study of Ni-Sn TLP bonding joints using different interlayers. 
Additional samples were soaked at 300 ℃ for 0.5 h, 1 h, 2 h, and 5 h to investigate the effect 
of bonding time on the microstructure and mechanical strength evolution of the electroplated 
Ni-Sn TLP bonded joints. All these samples were bonded in a horizontal split tube furnace 
(Carbolite HST 12/300) with an argon protective atmosphere and cooled to room temperature 
by furnace cooling. Some of the as-bonded samples (bonded at 300 ℃ for 1 h) were aged at 
300 C for 4 h, 10 h, 25 h, 50 h and 100 h in an atmospheric oven (Memmert oven 100-800) 
for the thermal reliability tests. The bonded and aged Ni-Sn joints were ground using SiC 



  
 

  
 

sandpaper with grits from ×320 to ×1000 followed by polishing with DiaPro Dac/Dur 
suspensions and a standard fumed silica suspension. The scanning electron microscope (SEM) 
image of the single side alumina substrate with the deposited Ni and Sn layers was taken on a 
FESEM 7600F, while the backscatter electron (BSE) images, energy-dispersive spectroscopy 
(EDS) and electron backscatter diffraction (EBSD) characterizations were conducted on a 
FESEM 7800F. The shear tests were conducted using a Dage 4000 Bondtester according to the 
MIL-STD-883 method 2019 test standard. For each condition, 5 to 8 samples were tested to 
obtain the average shear strength. 

 

Fig. 1. 3D surface roughness profile of the alumina plate. 

Table 1. The bath compositions used for electroplating Ni and Sn. 

Watts bath (for Ni) NiCl2∙6H2O (60 
g/L) 

NiSO4∙6H2O (300 
g/L) 

H3BO3 (40 g/L) 

Acidic sulfate bath 
(for Sn) 

SnSO4 (30 g/L) H2SO4 (200 g/L) Triton X-100 (0.1 
g/L) 

 

   

(a)                                                               (b) 

Sputtered Ti

Load

Load

Plated Ni

Plated Ni

Alumina

Alumina

Plated Sn

Plated Sn



  
 

  
 

Fig. 2. (a) Cross-sectional SEM image of the alumina plate with the sputtered Ti, 
electroplated Ni and Sn layers, and (b) schematic of the bonding structure for the 

electroplated Ni-Sn TLP bonded joint used to bond alumina onto alumina. 

3 Results and discussion 

3.1 Comparison of Ni-Sn TLP bonded joints with different interlayers 

Based on the aforementioned studies, a variety of different Sn-enriched interlayers have been 
used for Ni-Sn TLP bonding. Besides electroplated Sn, these include Sn foil and Sn-enriched 
paste [16, 18]. The schematics of bonding structures for the Ni-Sn TLP bonded joints that used 
Sn foil and Sn96.5Ag3.5 paste are shown in Fig. 3(a) and (b), respectively. BSE images of the 
localized areas of Sn foil and Sn96.5Ag3.5 paste are shown in Fig. 3(c) and (d). It can be observed 
that there are initial voids in the Sn foil and the thickness of the Sn foil is around 25-30 μm. 
The paste is a mixture of flux and Sn96.5Ag3.5 particles with diameters in the range of 10-30 μm. 

  

  (a)                                                                 (b) 

  
  (c)                                                                  (d) 

Fig. 3. Schematics of bonding structures for the Ni-Sn TLP bonded joints made using (a) Sn 
foil, (b) Sn96.5Ag3.5 paste as interlayers, and BSE images of (c) Sn foil and (d) Sn96.5Ag3.5 

paste. 

As cohesive failures only occurred in areas of the joints containing IMCs,  this work focuses 
on regions with IMCs (with/without remnant Sn) rather than areas of Ni and alumina. EBSD 
characterization of IMCs and remnant Sn are highlighted while the remaining regions of the 
joint are displayed as band contrast images. Fig. 4 shows the combined band contrast and phase 
mappings of the cross-sectional microstructure of Ni-Sn TLP bonded joints that used different 
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interlayers. It can be observed that there was remnant Sn (purple) in all the bonded joints (after 
bonding at 300 ℃ for 2 h) and the remnant Sn accumulated around the grain boundaries of the 
Ni3Sn4 IMCs (yellow). In addition, obvious voids were found in the joints made using Sn foil 
(Fig. 4(a)) and Sn96.5Ag3.5 paste (Fig. 4(b)), while fewer voids were observed in the joints made 
using electroplated Sn (Fig. 4(c)). Voids within and around the Ni3Sn4 IMC grains of the Sn 
foil joint, can be attributed to the preexisting voids in the Sn foil (as shown in Fig. 3(c)) and 
the volume shrinkage caused by the phase transformation during bonding. While voids in the 
Sn96.5Ag3.5 paste joint can be attributed to the combined effects of flux evaporation and volume 
shrinkage during bonding. It is challenging to control the amount of the Sn96.5Ag3.5 paste 
applied during assembling. A relatively large amount of Sn96.5Ag3.5 paste can lead to excess Sn. 
On the other hand, the thickness of the electroplated Sn layer can be precisely controlled. Little 
to no remnant Sn was achieved in electroplated Ni-Sn TLP bonded joints through the 
adjustment of electroplating parameters. The inverse pole figure (IPF-Y, the normal reaction 
direction of the Ni-Sn joint) mappings in Fig. 4 show that there is no preferred orientation of 
the Ni3Sn4 IMC grains formed in all joints. In addition, kernel average misorientation (KAM) 
mappings of the joints show that the local average misorientations adjacent to the voids and 
remnant Sn regions were higher than in other areas. Higher local average misorientation angles 
indicate relatively larger strain deformation, which corresponds to higher stress concentrations 
[23, 24]. The higher stress around the remnant Sn regions might result from the phase mismatch 
and there was enough energy accumulated in these sites for dislocation motion and 
rearrangement to nucleate the newly formed fine Ni3Sn4 IMC grains [23]. 

 

(a) 

 

(b) 



  
 

  
 

 

(c) 

Fig. 4 Combined band contrast, phase, IPF(Y) and KAM mappings of the cross-sectional 
microstructure of Ni-Sn TLP bonding joints made using different interlayers, (a) Sn foil, (b) 

Sn96.5Ag3.5 paste, and (c) electroplated Sn (bonded at 300 ℃ for 2 h). 

Fig. 5 shows that the average shear strengths of the Ni-Sn TLP bonded joints made using Sn 
foil, Sn96.5Ag3.5 paste and electroplated Sn are 17.74 ± 3.19 MPa, 18.90 ± 5.03 MPa and 21.65 
± 3.37 MPa, respectively. The average shear strength of the joints prepared using Sn foil is 
slightly lower than others, which was likely the result of preexisting voids in the commercial 
Sn foil (as shown in Fig. 3(c)) that resulted in relatively more voids in the bonded joints which 
in turn, acted as crack initiation sites during shear tests. In addition, the relatively larger 
variation in the shear strength profile of the joints made using Sn96.5Ag3.5 paste was due to the 
difficulty in controlling the amount of paste applied for TLP bonding. Too much paste led to a 
relatively larger amount of remnant Sn in the joint, which resulted in lower shear strength. On 
the contrary, the joints that employed the electroplated Sn as the interlayer show a relatively 
higher average shear strength as the thickness of the electroplated Sn layer can be controlled 
more precisely and only a little or even no Sn remained in the joint after TLP bonding. 

  

Fig. 5. Shear strength profiles of the Ni-Sn TLP bonded joints with different interlayers (Sn 
foil, Sn96.5Ag3.5 paste and electroplated Sn, bonded at 300 ℃ for 2 h). 

Fig. 6 shows typical shear fractured surfaces of the Ni-Sn TLP bonded joints made using 
different interlayers after shear tests. Many voids can be found on the fracture surfaces of the 
joints made using Sn foil (Fig. 6(a)) and Sn96.5Ag3.5 paste (Fig. 6(b)), while fewer voids were 
found on the fracture morphology of the electroplated Ni-Sn TLP bonded joint (Fig. 6(c)). EDS 



  
 

  
 

results proved that both remnant Sn and Ni3Sn4 IMCs were detected on the shear fractured 
surfaces of all joints. More remnant Sn was found on the fracture surface of the Sn96.5Ag3.5 
paste joint, while there was hardly any remnant Sn on the fracture surface of the electroplated 
Sn joint. As a weak phase in the joint, the remnant Sn around the grain boundaries of Ni3Sn4 
IMCs provides preferred sites for crack initiation and propagation, which led to the 
intergranular fracture of the joints during shear fracture tests. Intergranular fracture was found 
to be the dominant fracture mode for all the Ni-Sn TLP bonded joints made using different 
interlayers, while more transgranular fracture areas were observed on the fracture surface of 
the electroplated Ni-Sn TLP bonded joint. These phenomena reinforce the shear strength 
profiles of the joints shown in Fig. 5. 

  

(a)                                                                (b) 

 

(c) 

Fig. 6. Shear fractured surfaces of Ni-Sn TLP bonded joints made using different interlayers, 
(a) Sn foil, (b) Sn96.5Ag3.5 paste, and (c) electroplated Sn (bonded at 300 ℃ for 2 h). 

3.2 The electroplated Ni-Sn TLP bonded joints with different bonding times  

Fig. 7 shows combined band contrast and phase mappings of the cross-sectional microstructure 
of the electroplated Ni-Sn TLP bonding joints made with different bonding times. It can be 
observed that the area percentage of the Ni3Sn4 IMCs increased with increasing bonding time 
from 0.5 h to 5 h. Also, the average grain size of the formed Ni3Sn4 IMCs continuously 
increased with prolonged bonding times. Firstly, columnar-shaped Ni3Sn4 grains formed along 
the surface of the electroplated Ni towards the remnant Sn which was present as a single 
continuous layer around the centre of the joint after bonding for 0.5 h (Fig. 7(a)). Some grains 
grew faster than other grains in the joints, which might be due to their lower surface energy or 



  
 

  
 

grain boundary energy [25-27]. Also, the newly formed fine Ni3Sn4 grains around the Ni/Ni3Sn4 
interfaces are mainly along the grain boundaries of Ni3Sn4 IMCs because the grain boundary 
diffusion of Ni/Sn is much faster than the lattice diffusion [28]. It can be observed that there 
are some newly-formed fine Ni3Sn4 grains adjacent to the Ni/Ni3Sn4 interfaces in the joints 
bonded for 0.5 h and 1 h due to the faster diffusion of Sn compared to Ni [29], which confirms 
that the Ni/Ni3Sn4 interface was the preferential site for the nucleation of the newly formed 
Ni3Sn4 IMC grains during bonding. As the bonding time increased to 1 h, the Ni3Sn4 IMCs 
grew across the entire joint which resulted in the remnant Sn no longer being a continuous layer 
(Fig. 7(b)). Based on the studies of the growth mechanism of Ni3Sn4 IMCs reported by He et 
al. [30] and Tseng et al. [20], the grain boundary diffusion and grain growth (ripening) are the 
dominant growth mechanisms of the Ni3Sn4 IMCs in Ni-Sn joints. After the joint bonded for 2 
h, only a small amount of remnant Sn was found around the grain boundaries of Ni3Sn4 IMCs 
(Fig. 7(c)). Accompanying the consumption of Sn, newly formed fine-grained Ni3Sn4 IMCs 
were observed around sites with remnant Sn until the Sn was fully consumed. The IPF(Y) 
mapping images indicate that the remnant Sn for each joint has a unified orientation in the Y 
direction that is close to its [001] direction. There is no preferred orientation of the Ni3Sn4 IMC 
grains formed in all joints. In addition, the KAM mappings of the joints show that the local 
average misorientations adjacent to the Sn/Ni3Sn4 interfaces were higher than in other areas. 
As the bonding time further increased to 5 h, the Sn was fully consumed and transformed to 
the Ni3Sn4 IMCs (Fig. 7(d)). Also, the joint area became more homogeneous.  

 

(a) 

 

(b) 



  
 

  
 

 

(c) 

 

(d) 

Fig. 7. Combined band contrast, phase, IPF(Y) and KAM mappings of the cross-sectional 
microstructure of electroplated Ni-Sn TLP bonded joints with different bonding times, (a) 0.5 

h, (b) 1 h, (c) 2 h, and (d) 5 h (at 300 ℃). 

Fig. 8 shows that the average shear strength of the Ni-Sn TLP bonded joint continuously 
increased from 14.86 ± 3.68 MPa to 25.01 ± 5.96 MPa as the bonding time increased from 0.5 
h to 5 h. The increment in the average shear strength with the bonding time from 0.5 h to 2 h 
was mainly attributed to the consumption of Sn with the prolonged bonding time. As the 
bonding time further increased to 5 h, the enhancement of the joint was mainly due to the 
remnant Sn being fully consumed, coalescence of the voids and the homogenization of the joint. 

  

Fig. 8. Shear strength profiles of the electroplated Ni-Sn TLP bonding joints under different 
bonding times (at 300 ℃). 



  
 

  
 

Typical shear fractured surfaces of the electroplated Ni-Sn TLP bonded joints made with 
different bonding times are shown in Fig. 9. Large areas of remnant Sn with a few scattered 
Ni3Sn4 IMCs were revealed on the fracture surface of the Ni-Sn TLP bonded joint after bonding 
for 0.5 h. Sn failed through ductile fracture and a few voids were detected around the Ni3Sn4 
IMCs (Fig. 9(a)). Alternately distributed Ni3Sn4 IMCs and remnant Sn were observed on the 
fracture surface of the joint bonded for 1 h. Failure of Ni3Sn4 IMCs was mainly through 
intergranular fracture (Fig. 9(b)). More voids were found on the fracture surfaces of the joints 
bonded for 1 h and 2 h due to the continuous volume shrinkage caused by phase transformation 
[31]. In addition, small areas of remnant Sn were detected on the fracture surface of the joint 
bonded for 2 h, which resulted in intergranular fracture (Fig. 9(c)). Besides, many transgranular 
fracture areas were revealed on the fracture surface as well. As the bonding time further 
increased to 5 h, the fracture surface was composed of fully formed Ni3Sn4 IMCs which failed 
mainly due to transgranular fracture (Fig. 9(d)). Also, fewer voids were found due to the 
coalescence and shrinking of voids [31].   

  

(a)                                                             (b) 

  

(c)                                                             (d) 

Fig. 9. Shear fracture surfaces of the electroplated Ni-Sn TLP bonded joints made with 
different bonding times, (a) 0.5 h, (b) 1 h, (c) 2 h, and (d) 5 h (at 300 ℃). 

3.3 The electroplated Ni-Sn TLP bonded joints with different aging times 

Fig. 10 shows combined band contrast and phase mappings of the cross-sectional 
microstructure of the electroplated Ni-Sn TLP bonded joints subjected to different aging times. 
No Ni3Sn2 IMC was detected in the microstructure of the joint after aging for 4 h, while 
scattered Ni3Sn2 IMCs (green) were detected between the Ni and Ni3Sn4 after aging for 10 h 



  
 

  
 

(due to the limitation of the resolution of EBSD scanning). A thin layer (the average thickness 
is around 0.64 μm) of nano-sized Ni3Sn2 IMCs was found on the joint after aging for 25 h. The 
average thickness of the Ni3Sn2 IMCs layer increased to 0.75 μm and 1.36 μm after aging for 
50 h and 100 h, respectively. Also, the mean grain size of the Ni3Sn2 IMCs increased as aging 
time was prolonged from 10 h to 100 h. It can be observed in Fig. 10(d) and (e) that the Ni3Sn2 
IMC grains around the Ni/Ni3Sn2 interface are finer than other regions, which indicates that 
the Ni/Ni3Sn2 interface was the preferential site for nucleation of the newly formed Ni3Sn2 IMC 
grains. This phenomenon was due to the faster diffusion of Sn as compared to Ni [28]. In 
addition, a thin wedge-shaped void was observed along the grain boundary of Ni3Sn4 IMCs 

after aging for 25 h (Fig. 10(c)). Larger voids were found along the grain boundaries of Ni3Sn4 

IMCs as the aging time was prolonged to 50 h and 100 h. The formation and enlargement of 
these voids can be attributed to volume shrinkage caused by the phase transformation from 
Ni3Sn4 to Ni3Sn2. There was no preferred orientation of the newly formed Ni3Sn2 IMCs in the 
joint after long-term aging, as shown in the IPF(Y) mappings in Fig. 10(d) and (e). Furthermore, 
the KAM mappings in Fig. 10(d) and (e) indicate that the local average misorientation around 
the Ni/Ni3Sn2 interface is higher than that in the Ni3Sn2 IMCs region and the local average 
misorientation around the Ni3Sn2/Ni3Sn4 interface is higher than that in the Ni3Sn4 IMCs area. 
These indicate the potential lattice stress around the Ni/Ni3Sn2 interface is higher than that in 
the Ni3Sn2 IMCs region and the stress around the Ni3Sn2/Ni3Sn4 interface is higher than that in 
the Ni3Sn4 IMCs area [23, 24].  

 

(a)                                                 (b)                                               (c) 

 

(d) 



  
 

  
 

 

(e) 

Fig. 10. Combined EBSD mappings of the cross-sectional microstructure of the electroplated 
Ni-Sn TLP bonded joints prepared with different aging times, (a) 4 h, (b) 10 h, (c) 25 h, (d) 

50 h, and (e) 100 h (at 300 ℃). 

Fig. 11 shows the average shear strength profiles of the electroplated Ni-Sn TLP bonded joints 
after aging for 0 h (as-bonded), 4 h, 10 h, 25 h, 50 h and 100 h. The average shear strengths of 
the joints after aging for 0 h, 4 h, 10 h, 25 h, 50 h and 100 h are 17.46 ± 3.78 MPa, 22.82 ± 
6.35 MPa, 20.51 ± 5.54 MPa, 17.96 ± 4.49 MPa, 16.94 ± 3.42 MPa and 15.22 ± 3.81 MPa, 
respectively. The increase in the average shear strength of the joints after aging for 4 h 
(compared to the as-bonded joint) was mainly due to the consumption of remnant Sn (refer to 
Fig. 7(b) and Fig. 10(a)), while the decrease in the strength of the joints after aging for 10 h 
might be attributed to the phase transformation from Ni3Sn4 to Ni3Sn2, which has resulted in 
the formation of voids. The further continuous decrease of the joints after aging for 25 h to 100 
h was mainly attributed to the formation and enlargement of voids with the prolonged aging 
time.  

 

Fig. 11. Shear strength profiles of the electroplated Ni-Sn TLP bonded joints after aging for 
different times (at 300 ℃). 

Fig. 12 shows the cross-sectional microstructure and fracture surfaces of the shear fractured 
electroplated Ni-Sn TLP bonded joints after different aging times. The cross-sectional 
microstructure in Fig. 12(a), (b), (c), (d) and (e) indicates that the aged joints fractured through 
both the Ni3Sn4 IMCs and the Ni3Sn2/Ni3Sn4 interface during shear tests. Take the joints aged 
for 50 h and 100 h for examples, the top-view fracture surfaces indicate that some regions of 



  
 

  
 

the shear fractured surfaces are fully covered by the Ni3Sn4 IMCs (fractured through the Ni3Sn4 
IMCs, Fig. 12(f) and (g)), while others contain large areas of Ni3Sn2 IMCs with Ni3Sn4 IMCs 
embedded in between (fractured through the Ni3Sn2/Ni3Sn4 interface, Fig. 12(h) and (i)). Voids 
were observed around the grain boundaries of Ni3Sn4 IMCs on the fractured Ni3Sn4 IMCs side 
of the joint after aging for 50 h (Fig. 12(f)) and the voids were enlarged as the aging time 
increased to 100 h (Fig. 12(g)). This is in accordance with the phase mappings shown in Fig. 
10(d) and (e). In addition, nanovoids were found on the fracture surface of the Ni3Sn2/Ni3Sn4 

interface of the joint aged for 50 h (Fig. 12(h)), and more nanovoids were observed on that of 
the joint aged for 100 h (Fig. 12(i)). The formation of nanovoids around the Ni3Sn2/Ni3Sn4 
interface was due to the uneven interdiffusion of Ni/Sn during the phase transformation from 
Ni3Sn4 to Ni3Sn2 [32]. The fracture that propagated through the Ni3Sn4 IMCs was mainly due 
to the voids formed and enlarged around the grain boundaries of the Ni3Sn4 IMCs during the 
long-term aging process. While the fracture along the Ni3Sn2/Ni3Sn4 interface might partially 
be attributed to the relatively higher stress concentration around the Ni3Sn2/Ni3Sn4 interface 
induced by the phase transformation (Fig. 10(d) and (e)). To some extent, the elastic anisotropy 
mismatch between Ni3Sn4 and Ni3Sn2 IMCs might also contribute to the interfacial cracking 
during the shear tests [33]. Besides, the nanovoids formed around the Ni3Sn2/Ni3Sn4 interface 
might also have resulted in the degradation in the mechanical strength of the interface. Though 
higher residual stresses were found in the Ni3Sn2 IMCs regions than that in the Ni3Sn2/Ni3Sn4 

interface (Fig. 10(d) and (e)), the isotropic nano-sized Ni3Sn2 IMCs exhibited higher 
mechanical strength than that of the Ni3Sn2/Ni3Sn4 interface. It was observed that intergranular 
fracture was the dominant fracture mode for the joints after aging for 50 h and 100 h. Fig. 12(j) 
and (k) show the corresponding EDS mappings of oxygen for the fractured Ni3Sn4 sides of the 
joints after aging for 50 h and 100 h (corresponding to Fig. 12(f) and (g)), respectively. It is 
shown that the concentration of oxygen (yellow) around the grain boundary area (brighter) was 
higher than that of the Ni3Sn4 IMCs region (darker) as the oxygen diffuses faster along the 
voids and grain boundaries than that across the IMCs [28]. Also, there was an increment in the 
average weight percentage of the oxygen of the fracture surface for the fractured Ni3Sn4 side 
when the aging time increased from 50 h (8.5 wt.%) to 100 h (11.9 wt.%), and the fracture 
surfaces revealed the Ni3Sn2/Ni3Sn4 interface presented much lower average weight 
percentages of oxygen in the joints after aging for 50 h (4.2 wt.%) and 100 h (4.6 wt.%). The 
continuous degradation in the average shear strength of the joints with the prolonged aging 
time was partially attributed to the increased oxidation in the joints as the brittle oxides are 
preferred sites for crack initiation and propagation [34]. 
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Fig. 12. Cross-sectional microstructure of the shear fractured electroplated Ni-Sn TLP 
bonded joints after aging for (a) 4 h, (b) 10 h, (c) 25 h, (d) 50 h, and (e) 100 h (at 300 ℃); 

shear fractured surfaces that fractured through Ni3Sn4 IMCs of the joints after aging for (f) 50 
h, (g) 100 h, fractured through the Ni3Sn2/Ni3Sn4 interface after aging for (h) 50 h, (i) 100 h; 

and the corresponding EDS mappings of oxygen for the shear fractured surfaces that 
fractured through Ni3Sn4 IMCs of the joints after aging for (j) 50 h, and (k) 100 h 

(corresponding to Fig. 12(f) and (g), respectively). 

4 Conclusions 

Electroplated Ni-Sn TLP bonded joints were studied in this work for potential applications in 
high-temperature electronic packaging. A comparative study of Ni-Sn joints that used different 
types of interlayers was performed. In-depth analyses of the evolution of microstructure and 
mechanical properties in electroplated Ni-Sn TLP joints made with different bonding and aging 
times were also conducted. Several main conclusions can be made: 

1) The average shear strength of Ni-Sn TLP bonded joints made using electroplated Sn as 
the interlayer was slightly higher than the ones made using Sn foil and Sn96.5Ag3.5 paste. 
This was due to there being more voids formed in the Sn foil joint. Also, it is challenging 
to control the amount of Sn96.5Ag3.5 paste applied for TLP bonding. Excess paste 
resulted in more remnant Sn in the joint after bonding, which deteriorated the shear 
strength of the joint. 



  
 

  
 

2) The average shear strength of the electroplated Ni-Sn TLP bonded joints continuously 
increased as the bonding time increased from 0.5 h to 5 h, while it decreased as the 
aging time was prolonged from 4 h to 100 h. The increment in the strength as the 
bonding time increased was mainly due to the consumption of Sn and the 
homogenization of the joint. The continuous degradation in the strength of the joint as 
the aging time from 4 h  to 100 h was attributed to the combined effects of void 
formation and enlargement, and the increased oxidation of the joints with prolonged 
aging time. 

3) The Ni/Ni3Sn4 interface was the preferential site for the nucleation of the newly formed 
Ni3Sn4 IMC grains during bonding and the mean grain size of Ni3Sn4 continuously 
increased with the increasing bonding time. In addition, nano-sized Ni3Sn2 IMC grains 
were found in the electroplated Ni-Sn TLP bonded joint after aging for 10 h and were 
enlarged as the aging time further increased to 100 h. Furthermore, the Ni/Ni3Sn2 
interface was the preferential site for the nucleation of newly formed Ni3Sn2 IMC grains 
in the joints during aging. 

4) Intergranular fracture was the dominant fracture mode in the sheared electroplated Ni-
Sn TLP bonded joints after high-temperature and long-term aging (at 300 ℃ for 50 h 
and 100 h). In addition, the shear fractures of the aged joints propagated through both 
the Ni3Sn4 IMCs and the Ni3Sn2/Ni3Sn4 IMCs interface.  
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